Objectives This study sought to evaluate the associations between homeostatic indexes of insulin resistance (HOMA-IR) and post-procedural myocardial injury and clinical outcome after a percutaneous coronary intervention (PCI) with a drug-eluting stent.
Insulin resistance may be a key pathological factor of metabolic syndrome, and it is associated with risk of type-2 diabetes. Impaired insulin signaling, especially in peripheral tissues, is associated with abnormal lipid metabolism, hypertension, thrombogenesis, and atherosclerosis, resulting in increased risk of cardiovascular events (1) (2) (3) (4) (5) . Several large-scale cohort studies have documented that insulin resistance and hyperinsulinemia are associated with increased risk of cardiovascular events (6 -8) .
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Patients who underwent percutaneous coronary interventions (PCI) had a higher risk of recurrent cardiovascular events (9) . In small cohort studies, it was demonstrated that insulin resistance was associated with neointimal tissue proliferation of coronary stents and progression of de novo coronary lesions in patients receiving hemodialysis (10, 11) . However, little is known about the impact of insulin resistance on clinical outcome in patients who underwent PCI. In addition, widespread use of drug-eluting stents (DES) has revolutionized coronary interventional practice, and factors associated with outcome in patients who underwent PCI may also change (12, 13) . Periprocedural cardiac biomarker elevation, which was commonly observed after apparent uncomplicated PCI, is now considered to reflect post-procedural myocardial injury/ infarction (14) . Post-procedural myocardial injury after PCI was also associated with worse clinical outcome. Several patientrelated factors, including age, acute coronary syndrome, inflammatory status, and coronary thrombogenicity, are associated with post-procedural myocardial injury (14 -16) . Several studies have reported that patient-related factors of post-procedural myocardial injury, such as abnormal lipid metabolism, thrombogenicity, and systemic inflammation are also associated with insulin resistance (1, 17, 18) .
Therefore, the aim of this study was to evaluate the impact of insulin resistance on post-procedural myocardial injury and long-term clinical outcomes in patients who underwent elective coronary interventions with DES.
Methods
Study population. A population of 623 consecutive patients who underwent initial elective PCI with DES in Chubu Rosai Hospital from January 2006 to October 2008 was enrolled in this study, which was approved by the hospital ethics committee. All patients had angina, documented myocardial ischemia, or both, and all patients gave their informed consent for participation in this study. Diabetic patients treated with any insulin therapy were excluded because fasting plasma insulin levels, an essential component for the calculation of the homeostatic models of insulin resistance (HOMA-IR), may be affected by insulin therapy. Patients with elevated pre-procedural troponin levels or who underwent angioplasty with atherectomy, bare-metal stents, or balloon angioplasty alone were also excluded. Thus, the study included 516 patients. Data, including baseline patient characteristics, procedural characteristics, and clinical outcomes, were prospectively collected and retrospectively analyzed. Evaluation of insulin resistance. Blood samples were collected from venous blood after overnight fasting, and fasting plasma glucose and insulin levels were measured. HOMA-IR was calculated according to the homeostasis model assessment as follows: HOMA-IR ϭ fasting insulin (U/ml) ϫ fasting glucose (mg/dl)/405 [or fasting glucose (mmol/l)/22.5] (19). Coronary angiography and PCI. All patients underwent DES implantation with or without pre-dilation. All patients received treatment with antiplatelet agents for at least 24 h before the procedure. Furthermore, 5,000 to 10,000 IU of heparin were administered before stenting, and an additional bolus of 1,000 to 2,000 IU was given every hour if the procedure lasted for more than an hour. No patient received glycoprotein IIb/IIIa receptor inhibitors, which are not approved for use in Japan. Baseline angiography was evaluated by an independent investigator who was not involved in the procedures and was unaware of the final outcomes. A computerized quantitative analysis system (QCA-CMS system, version 6.0.39.0, MEDIS, Leiden, the Netherlands) was employed with the guiding catheter for calibration. All procedures were performed using 6-to 8-F guiding catheters by either the radial or the femoral approach. The operator who was blinded to HOMA-IR levels selected the position and length of the angioplasty and stent implantation according to angiography and conventional intravascular ultrasound findings. We administered clopidogrel (75 to 300 mg/day) or ticlopidine (200 mg/day) to prevent thrombosis after stent implantation in patients who were not already receiving thienopyridine derivatives. Evaluation of cardiac biomarkers. Blood was sampled before and 18 h after the procedure. Serum troponin T (TnT) was measured using an enzyme immunoassay kit (Roche Diagnostics, Tokyo, Japan). Creatine kinase-myocardial band (CK-MB) isozyme activity was measured using an immunoinhibition assay kit (Sysmex, Kobe, Japan). MI was defined as the development of signs and/or symptoms suggestive of MI, accompanied by elevation of CK-MB or TnT levels at least 2-fold higher than normal or new significant Q waves in 2 or more contiguous leads. After PCI, MI was defined as an elevation of CK-MB or TnT levels more than 3-fold times the upper limit of normal or new significant Q waves in at least 2 contiguous leads (20) . Stent thrombosis was defined by Academic Research Consortium definitions (definite or probably) (21) . Target lesion revascularization was defined as reintervention (percutaneous or surgical) for in-stent or in-segment significant stenosis (larger than 75% in angiographic diameter stenosis). New lesion revascularization was defined as revascularization (percutaneous or surgical) for newly developed significant lesions that had been nonsignificant (Ͻ75% in angiographic diameter stenosis) at baseline coronary angiography. Ischemia-driven revascularization was defined as revascularization (percutaneous or surgical) for patients with evidence of ischemia (ischemic electrocardiographic change or positive myocardial biomarker) or positive findings of stress test. Statistical analysis. All normally distributed data are expressed as mean Ϯ SD. Variables that are not normally distributed are expressed as median (interquartile range). A comparison of continuous variables was achieved with the unpaired Student t test and of categorical variables by using chi-square analysis or Fisher exact probability test. Comparison of cardiac biomarkers (CK-MB and TnT) was performed using Kruskal-Wallis test and Mann-Whitney U test. Linear regression analysis and Spearman rank correlation were performed to assess the association between clinical parameters and increased TnT levels (logtransformed). Successful normalization of TnT after logtransformation was evaluated using Kolmogorov-Smirnov test. To identify predictors of myocardial injury, multiple regression analyses were performed. Event-free survival was Values are n (%), mean Ϯ SD (normally distributed data), or median (interquartile range) (not normally distributed data).
ACE ϭ angiotensin-converting enzyme; ARB ϭ angiotensin II receptor blocker; GFR ϭ glomerular filtration rate; HDL ϭ high-density lipoprotein;
HOMA-IR ϭ homeostatic models of insulin resistance; LDL ϭ low-density lipoprotein.
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Insulin Resistance and DES Implantation analyzed using Kaplan-Meier estimation with the log-rank test. The Cox proportional hazards model was used to estimate the contribution of HOMA-IR to the prediction of cardiovascular events during follow-up periods. In multivariate analysis, variables listed in Tables 1 or 2 Post-procedural TnT levels in tertile 3 patients (0.26 Ϯ 0.47 ng/ml) were significantly higher than those in tertile 1 (0.11 Ϯ 0.22 ng/ml) and tertile 2 patients (0.12 Ϯ 0.26 ng/ml). Post-procedural CK-MB levels in tertile 3 patients (28.2 Ϯ 39.1 IU/l) were higher than were those in tertile 1 patients (17.6 Ϯ 11.5 IU/l). Values are n, n (%), mean Ϯ SD (normally distributed data), or median (interquartile range) (not normally distributed data).
LAD ϭ left anterior descending; LCX ϭ left circumflex; LMT ϭ left main trunk; RCA ϭ right coronary artery; SVG ϭ saphenous vein graft.
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Uetani et al. Insulin Resistance and DES Implantation lesion characteristics, angiographic parameters, and procedural characteristics. Post-procedural elevation of TnT and CK-MB. We observed that post-procedural TnT and CK-MB levels significantly increased across tertiles of HOMA-IR (p [trend] Ͻ 0.001 and p [trend] ϭ 0.018). Post-procedural TnT levels of patients in tertile 3 (0.26 Ϯ 0.47 ng/ml) were significantly higher than those of patients in tertile 1 (0.11 Ϯ 0.22 ng/ml) and tertile 2 (0.12 Ϯ 0.26 ng/ml). Post-procedural CK-MB levels in tertile 3 patients (28.2 Ϯ 39.1 IU/l) were higher than those in tertile 1 patients (17.6 Ϯ 11.5 IU/l) ( Fig. 1) .
Predictor of post-procedural troponin elevation. The results of simple and multiple regression analyses with postprocedural TnT levels (log-transformed) are given in Table 3 . HOMA-IR, total ballooning time, acute coronary syndrome, estimated glomerular filtration rate, number of implanted stents, female sex, and age were significantly associated with post-procedural TnT elevation in the simple regression analysis. HOMA-IR, acute coronary syndrome, glomerular filtration rate, and number of stents were independently associated with post-procedural TnT levels in the multiple regression analysis after adjusting for age, sex, and conventional risk factors. Clinical outcomes. During the median follow-up of 632.8 days, 28 hard events (cardiac death and nonfatal MI) and 108 total events (hard event and/or any revascularization) occurred. Event-free survival was significantly associated with HOMA-IR tertiles, with worse event-free survival ratios in tertile 3 patients (67.4%; p Ͻ 0.001, log-rank test) than in tertile 2 (80.2%) and tertile 1 patients (89.5%) (Fig. 2) . During the follow-up period, coronary angiography was performed in 33 patients presenting with acute coronary syndrome and 306 patients with stable symptoms 302 Ϯ 123 days after the procedure. The incidence of emergency angiography was significantly increased according to increasing tertile of HOMA-IR. No difference was found in incidence of planned angiography among the 3 groups (Table 4) .
We observed that the incidence of cardiac death or MI, target revascularizations, revascularizations for new lesions, and ischemia-driven revascularization significantly increased across tertiles of HOMA-IR (p [trend] Ͻ 0.001, p [trend] ϭ 0.02, p [trend] Ͻ 0.001, and p [trend] Ͻ 0.01, respectively). The incidence of cardiac death or MI, target revascularizations, revascularizations for new lesions, and ischemia-driven revascularization were significantly higher in tertile 3 patients than those in tertile 1 and 2 patients were. There was no significant difference in the incidence of stent thrombosis among the 3 groups (Fig. 3) . Event-free survival was significantly associated with homeostatic models of insulin resistance (HOMA-IR) tertiles, with worse event-free survival ratios in tertile 3 patients (67.4%, p Ͻ 0.001 log-rank test) than in tertile 2 (80.2%) and tertile 1 patients (89.5%). Values are n (%).
CAG ϭ coronary angiography. (Table 5) .
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Associations were consistent in subgroups, including male versus female sex (HR per tertile in HOMA-IR: 2.48, 95% CI: 1.75 to 3.52 in men; and HR per tertile in HOMA-IR: 1.18, 95% CI: 0.75 to 1.85 in women), age of 75 years or more versus age of Ͻ75 years, diabetes versus without diabetes, hypertension versus without hypertension, acute coronary syndrome versus without acute coronary syndrome, and body mass index of Ն25 versus body mass index of Ͻ25 kg/m 2 (Fig. 4) . Increasing tertile of HOMA-IR was also an independent predictor of patient without diabetes.
Discussion
The results of this study demonstrated that insulin resistance as estimated by a simple method based on a single fasting blood sampling is associated with post-procedural myocardial injury and increases the risk of cardiovascular events in patients who underwent elective PCI with DES. These associations were independent after adjustment for evaluated factors, including age, sex, conventional risk factors, history of acute coronary syndrome, renal function, and procedural valuables.
Insulin resistance and post-procedural myocardial injury.
Even in asymptomatic patients without apparent change on the electrocardiogram, post-procedural elevation of cardiac biomarkers has been associated with worse clinical outcomes. Distal embolism following stent expansion may play an important role in the development of a post-procedural myocardial injury. Recent studies on distal protection devices confirmed the mobilization of plaque material after coronary stenting in patients with stable or unstable angina Values are median (interquartile range). This model was adjusted for age and conventional coronary risk factors (hypertension, diabetes, body mass index, dyslipidemia, and smoking).
HR ϭ hazard ratio; other abbreviations as in Tables 1 and 3 . Uetani et al. Insulin Resistance and DES Implantation (22) . Several studies using recently developed imaging modalities, such as integrated backscatter intravascular ultrasound, virtual histology, and multidetector computed tomography demonstrated that lipid-rich or necrotic characteristics of coronary plaque within target lesion were strongly associated with post-procedural myocardial injury (23) (24) (25) . Additionally, it was reported that coronary lesions in patients with increased insulin resistance or metabolic syndrome are associated with more lipid-rich plaque content (26, 27) . Therefore, it is plausible that lipid-rich or vulnerable plaques characteristics of patients with insulin resistance may be associated with post-procedural myocardial injury and higher risk of cardiovascular events.
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Interaction between insulin resistance and other risk factors.
It has been suggested that insulin resistance, as well as metabolic syndrome, overlaps type-2 diabetes, which is a known risk factor of cardiac events following PCI and the clustering of other coronary risk factors. There is a possibility that increased risk of cardiovascular events in patients with insulin resistance is attributable to overlap with diabetes or other coronary risk factors. However, multivariate Cox proportional hazards models demonstrated the independent association between HOMA-IR and worse clinical outcome after adjusting for other clinical and procedurerelated factors for cardiac events, including diabetes. In contrast to previous reports, patients with diabetes in this study did not have a significantly higher risk of cardiovascular events. There are potential reasons for the relatively lower event rate for diabetic patients in this study. First, we excluded diabetic patients receiving insulin therapy who have higher risk of in-stent restenosis and cardiovascular events than do diabetic patients who were treated with oral agents because of difficulties in measuring and interpreting insulin resistance (28) . Second, diabetic patients with multivessel coronary disease or complex lesion characteristics are subject to referral for bypass surgery, and therefore, diabetic patients in this study had lower risk than those in other studies. Third, a relatively small portion of diabetic patients in this study were treated with insulin-producing drugs (sulfonylurea, 24%) compared with nonsulfonylurea drugs (metformin, pioglitazone, and alpha-glucosidase inhibitors, 48%). Beneficial cardiovascular effects of metformin, pioglitazone, and alpha-glucosidase inhibitors were demonstrated in large-scale clinical trials (29 -31) . Therefore, these medications may contribute to better outcomes in diabetic patients.
Incidence of stent thrombosis. It has been well documented that insulin resistance is associated with increased thrombogenicity that results in coronary thrombosis. A recent report from other registries suggested that diabetes is an independent predictor of stent thrombosis (32) . However, because of the relatively small number of cases of stent thrombosis in this study, no association between HOMA-IR tertiles and the rate of stent thrombosis was observed.
The relatively lower incidence of stent thrombosis in this study was comparable to that in the larger DES registry in Japan (33) . Study limitations. Among diabetic patients, antidiabetic agents could affect fasting insulin levels differently. We obtained post-procedural blood samples only once, at 18 h after PCI. In daily practice, it may be impractical to repeatedly collect blood from patients without any apparent complications. However, 100% of the peak TnT elevations and 92% of the peak CK-MB levels were observed 12 to 20 h (mean: 17.9 Ϯ 0.46 h) after the procedure in patients who underwent elective PCI without pre-procedural elevation of cardiac biomarkers (34) . Therefore, we evaluated cardiac biomarkers obtained from single blood samples at 18 h after PCI. In this study, the indication for follow-up angiography of stable patients depends on the attending physician, and planned follow-up angiography was performed in about 60% of the study population. Even today, 3 to 12 months after PCI, follow-up angiography is performed in most stable patients in Japan. There is a concern that follow-up angiography may lead to unnecessary reinterventions in asymptomatic patients (35) . However, there was no deference of rate of planned follow-up angiography among each tertile of patients.
Conclusions
In patients who underwent elective PCI, insulin resistance calculated by homeostasis model assessment is an independent predictor of post-procedural myocardial injury and cardiovascular events after PCI with DES.
